Organic Light-Emitting diodes (OLEDs) are extremely sensitive to water vapour and oxygen, which causes rapid degradation. Epoxy and cover glass with large amount of desiccant are commonly applied to encapsulate bottom emitting OLEDs which is not a viable option for flexible as well as top emitting OLEDs. This paper reports a completely organic encapsulating layer consisting of four periods of alternate stacks of two organic materials with different morphologies deposited by simple vacuum thermal evaporation technique. Standard green OLED structures with and without encapsulation were fabricated and investigated using structural, optical and electrical studies. Moreover, the encapsulation presented being organic is safe for underlying organic layers in OLEDs and is ultrathin, transparent and without any cover glass and desiccant, ensuring its application in flexible and top emitting OLEDs.
Introduction
Organic Light-Emitting diodes (OLEDs) are considered as one of the most potential display technology today due to their low power consumption, low cost, and superior viewing ability [1] especially for their possibility to build flexible displays [2] [3] [4] [5] [6] as they are ultra-thin and light weight. Top emitting OLED devices are also becoming increasingly important because of the increase in aperture ratio (the ratio of actual emitting area to the total area of the pixel) obtained as compared to bottom emitter approach. However one obstacle to these developments is the susceptibility of these devices to water vapor and oxygen, which causes rapid degradation.
Device reliability issues, in part, arise due to the environmental instability of both the active materials and low work function electrode in the devices [7] [8] [9] [10] [11] . Low work function metals are highly reactive with oxygen and water vapor and, thus, oxidize very quickly. This results in the formation of insulating oxide barriers, making the injection and collection of charge carriers less efficient. Exposure to water vapor and oxygen in the environment may also result in the formation of black spots in OLEDs, reducing their light output and lifetimes [12] . Another detrimental degradation mechanism which can arise from environmental-induced oxidation is the delamination within the device. When water vapor permeates through defects into the interface formed by the cathode and an active layer, it may cause chemical reactions which induce out gassing or volumetric expansion leading to delamination [13, 14] .
A number of approaches to encapsulation have been developed including the use of metal lids, glass and the sealing of devices between two glass substrates or plastic substrates treated with barrier films [15, 16] . Additionally, getter materials such as calcium and barium are used to remove any residual water in the encapsulated volume or water vapour which diffuses through the epoxy sealant [17] . However, these rigid materials are not amenable for use in flexible OLEDs which require flexible covering as well as for top emitting OLEDs in which the emitted light has to pass through the cover glass and the opaque desiccant.
Therefore Thin Film Encapsulation (TFE) technology is the key technique to meet the requirements of small-size flexible and top emitting electronic display devices. For active layers and substrates with low glasstransition temperatures and thermal stability, the proc-essing temperatures at which the barrier layers can be deposited should be low. However, processing at low temperature may lead to more defects in the films, limiting the overall barrier performance. Therefore, inorganic films are limited in their performance mainly due to the presence of defects in the films which provide pathways for water vapour and oxygen to permeate through the barrier layers.
By applying multilayer films with alternating stacks, defects which span the entire thickness of the individual inorganic layers are interrupted and do not channel continuously through the film structure. This structure creates a tortuous path resulting in very long effective diffusion pathways, increasing the barrier performance ("defect interruption layer") [18] . These results suggest that developing ultra-high barrier performance encapsulation layer as well as more stable materials for organic device is important for extended lifetime of organic devices. Also, the deposition techniques of these inorganic materials can damage the underlying sensitive organic layers used in OLEDs. Thus, the development and integration of high-barrier encapsulation films with organic electronics remains a challenging endeavour.
The focus of the present work is to prepare completely organic thin film encapsulation for OLEDs which has been demonstrated by combining alternate stacks of two different organic materials having different morphologies and different thin film forming properties. One of the organic material chosen is TPD (TPD-N, N'-diphenyl-N, N'-bis-3 -methylphenyl [1, 1'-bipheny]-4, 4'-diamine which is well known as hole transporting material in OLEDs but also known to get easily crystallized because of its low glass transition temperature (Tg = 64˚C). Another organic material chosen is newly synthesized material XP (2.2.6. 5, 5′-(4, 4′-(2,6-di-tert-butylanthracene-9,10-diyl)bis(4,1-phenyle ne))bis(2-(4-hexylphenyl)-1, 3, 4-oxadiazole) [19] having highly amorphous and stable thin film forming ability with a quite high glass transition temperature of 108˚C. Alternate stacks of thin layers of these materials have been fabricated and studied using Atomic force microscopy and Calcium corrosion test involving UV-Visible absorption spectroscopy. Finally the OLED devices with the optimized encapsulation showed enhanced lifetime as compared to the devices with no encapsulation layers.
Experimental
Plain glass plates were used as the starting substrates and cleaned sequentially using de ionized water, acetone, trichloroethylene and isopropyl alcohol for 20 minutes each using an ultrasonic bath and then dried in vacuum oven. Thin films of Ca (Calcium), TPD and XP were deposited with thicknesses of 250 nm, 20 nm and 10 nm respectively under a high vacuum (10 −5 -10 −6 Torr).The corresponding device structures being (also shown in Figure 2) : (a) Glass/Ca (b) Glass/Ca/TPD (c) Glass/Ca/TPD/XP The thicknesses of these films were measured in situ by a quartz crystal thickness monitor. Morphological properties were examined using Atomic force microscopy (AFM) (NT-MDT). UV-Vis spectra were taken using a high resolution UV-Vis spectrophotometer (Shimadzu 2401 PC) in the range of 200 -800 nm.
Then OLEDs were fabricated incorporating the optimized encapsulation layer. Indium-tin oxide (ITO) (thickness of 120 nm) coated glass plates with a sheet resistance of 20 Ω/□ (Vin Karola, USA) were used as starting substrates and were patterned and cleaned using deionised water, acetone, trichloroethylene and isopropyl alcohol sequentially for 20 min each using an ultrasonic bath and dried in vacuum.The device structure of OLEDs grown by vacuum thermal deposition was:
ITO/m-MTDATA (20 nm)/α-NPD (10 nm)/CBP +5% Ir (ppy) 3 Figure 1 shows the morphology of the thin films of XP as recorded from AFM with time .The films were found to be highly amorphous and more significantly stable also. As explained in Section 1, densely packed, continuous, and highly conformal coatings are desirable for excellent barrier properties, so that all small particles are well encapsulated. Highly amorphous thin films of XP exhibited an average roughness of 2.235 nm even after 960 hours of storage at room temperature (45% RH).
Results and Discussion

Structural Studies
TPD is well known in literature to crystallize easily due to its low glass transition temperature (64˚C) [20] and hence the alternate arrangement of such a crystalline layer and highly amorphous layer of XP can prove to be an efficient encapsulating layer which increases the effective diffusion length for ambient water vapors or oxygen molecules as explained in Section 1.
Optical Studies
Calcium corrosion test is a widely known method for measuring ultra-low permeation rate of barrier films. Calcium is a conducting and opaque metal which becomes transparent after oxidation and is very sensitive for detecting the presence of oxygen and water vapour. Hence, the measurement of Ca transparency with time provides an indirect method to determine the oxidation and corrosion rates of Ca. Thus well encapsulated films of Ca show relatively lower values of transmittance as compared to the Ca film without encapsulation. Figure 2 shows the device structures fabricated for the calcium corrosion test. Figure 3(a) shows the Transmission spectra against wavelength for the as deposited structures 2(a), 2(b) and 2(c). The films were found to have quite good optical transparency. Figure 3(b) shows the Transmission spectra with time for the structures 2(a), 2(b) and 2(c). The more rapid increase in optical transparency of the structure with bare Ca in Figure 3(b) shows that it rapidly oxidizes in air as compared to relatively slow oxidation of structures 2(b) and 2(c) (slopes of increment in oxidation with time being 0.13, 0.09 and 0.04 for the structures 2(a), 2(b) and 2(c) respectively). Moreover, the device structure 2(c) exhibited greatest resistance against moisture. This is an indication of improved barrier properties of the alternate stack of the structures. Figure 4 shows the schematic device structure of the OLED fabricated by vacuum thermal evaporation technique. Phosphorescent molecule Ir (ppy) 3 was used as the green emitter. On the top of the cathode layer, the optimized encapsulating structure was deposited which consisted of four periods of TPD (20 nm)/XP (10 nm) layers. Figure 5 shows the Luminance-Voltage characteristics of the devices with and without thin film encapsulation layers. Both the devices with and without encapsulation showed relatively similar initial L-V characteristics.
Electrical Studies / OLED Fabrication
To further confirm the encapsulating properties of alternate stacks of proposed TFE layers, the luminous decay of the devices under a constant current operation were investigated. The luminance decay curve of the devices with and without TFE is shown in Figure 6 . We have measured luminance of the devices at a continuous constant current of 0.4 mA/cm 2 , which gave an initial luminance of 140 Cd/m 2 .As shown in Figure 6 , the encapsulated device, could stay longer (12 hours) as compared to the device without encapsulation layer (1.1 hours). The enhancement in lifetime of encapsulated device being around ten times higher than that of the device without encapsulation. Further studies on the work are in progress. Although the obtained device lifetimes are quite low in terms of efficient organic displays but can be enhanced due to fact that encapsulation layers were deposited without any further capping of the device as reported in literature with additional aluminium foil capping [21] . It is worth noting that the alternate stacking type encapsulation is ultrathin, optically transparent and flexible, suiting the encapsulation of flexible OLEDs as well as top emitting OLEDs.
The barrier properties of the proposed TFE have been attributed to the defect interruption due to different types of film forming abilities of TPD and XP layers. TPD is well known to have a glass transition temperature as low as 64˚C whereas the newly synthesized material XP has a high glass transition temperature of 108˚C. The alternate stacks of these different types of films one highly amorphous and other crystalline basically increase the diffusion lengths of ambient oxygen or water vapours thereby protecting the device. Additionally the TFE being organic in nature can be deposited at much lower temperatures as compared to earlier reported inorganic encapsulation layers [22, 23] and is therefore more compatible with the organic transport and emissive layers used in the organic based devices. Thus use of ultra-thin vacuum thermally-deposited alternate organic thin films is effective as a barrier layer for significantly increasing the lifetime of an OLED device.
Conclusions
The encapsulation of an OLED device with the alternate stacks of two organic thin films TPD and XP with different morphologies and different thin film forming properties using the vacuum thermal evaporation method has been carried out for the first time. Vacuum thermally deposited organic films showed excellent barrier properties. The TFE was found to significantly slow down the oxygen and moisture diffusion into the device leading to a longer operational lifetime.
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